Introduction
The role of non-protein coding RNAs in gene expression is well established (e.g. ribosomal RNAs). More recent work demonstrates the role of small (~20 nt) microRNAs (miRNA) in gene regulation (AlvarezGarcia and Miska, 2005; Bartel, 2004; Tang, 2005) . They are thought to bind and render the target mRNA unstable when the binding site is a perfect match or to interfere with translation when there is mismatch within the binding site (Tang, 2005) . miRNAs act in diverse processes including the timing of developmental transitions in C. elegans, hematopoiesis and carcinogenesis in mammals, and cell cycle regulation and cell death in Drosophila (Alvarez- Garcia and Miska, 2005; Bartel, 2004; Boehm and Slack, 2005; Brennecke et al., 2003; He et al., 2005; Johnson et al., 2005) .
Drosophila bantam was identified in a screen for genes that, when overexpressed, produced excessive tissue growth (Hipfner et al., 2002) . ban encodes a 21 nt miRNA that is required for proper growth of larval imaginal discs (Brennecke et al., 2003) . Imaginal discs are organ precursors that are set aside during embryogenesis. During the three larval stages (also called 'instars'), imaginal discs enlarge by mitotic proliferation. During metamorphosis in the pupae, imaginal discs differentiate into respective adult structures (eye imaginal discs into eyes and wing imaginal discs into wings, etc.). Under-proliferation or excessive cell death in imaginal discs can lead to reduction of adult structures, and can result in reduction of adult viability. Therefore, survival of imaginal discs, after exposure to genotoxins such as ionization radiation or (IR), can be scored as the ability of larvae to develop into viable adults that eclose from the pupal case.
Loss-of-function mutations in ban reduced the growth of larval imaginal discs. Ectopic induction of ban had the opposite effect, promoting cell proliferation, inhibiting apoptosis, and causing overgrowth of imaginal discs (Brennecke et al., 2003) . Targets of ban in cell proliferation remain unknown but bioinformatics searches identified 5 potential ban sites in the 3′UTR of the pro-apoptotic gene hid. A transgene reporter that consists of tubulin promoter-driven EGFP coding sequences fused to hid 3′UTR responds to ban; overexpression of ban reduced the EGFP signal. EGFP was reduced but to a lesser degree when the two most conserved ban target sites were deleted (Brennecke et al., 2003) . Ectopic ban can also suppress experimentally induced apoptosis caused by overexpression of hid. Thus hid appears to be a bona fide target of post-transcriptional regulation by ban. The significance of this regulation under physiological conditions (i.e. not in ectopic expression studies) has not been addressed.
Apoptosis is a key cellular response to DNA double strand breaks (DSBs) such as those induced by IR. In metazoa including Drosophila, homologs of the tumor suppressor p53 become activated in response to DNA damage and induce apoptosis (Brodsky et al., 2000 (Brodsky et al., , 2004 Jin et al., 2000; Lee et al., 2003; Lowe et al., 1993; Ollmann et al., 2000; Peters et al., 2002; Sogame et al., 2003; Takai et al., 2002) . Apoptosis requires the activity of caspases, which are normally rendered inactive by being bound to IAPs (inhibitor of apoptosis proteins). p53-mediated transcription overcomes this inhibition by leading to increased levels or activity of Smac/DIABLO orthologs (Hid, Rpr, Grim and Skl in Drosophila) (Brodsky et al., 2000 (Brodsky et al., , 2004 Kornbluth and White, 2005; Wichmann et al., 2006) . Smac/DIABLO then binds to IAPs and frees up caspases (Schuler and Green, 2001) .
Pro-apoptotic genes such as hid and rpr are essential for fly development and viability because they are essential for developmental programmed cell death [eg. Grether et al., 1995] . Drosophila p53, however, is dispensable for development, viability and developmental cell death, indicating that other regulators act on pro-apoptotic genes in a developmental context. This leads to the question of which context ban microRNA functions in to regulate hid. In other words, ban may be an important regulator of hid but whether this regulation is important for developmental cell death, damage-induced cell death or both, remains to be determined.
To investigate the role of ban in response to damage caused by IR, we analyzed cell and organismal death in ban mutants following irradiation. Here, we present data that suggest a role for ban in cellular and organismal responses to IR and identify hid as an important mediator of ban-dependent responses. Expression of microRNAs has been shown to be induced by radiation in murine and plant cells (Ishii and Saito, 2006; Zhou et al., 2007) , but this is the first report of the functional importance of a microRNA in radiation responses in any system.
Results
We first present three lines of data that support the idea that ban coordinates cellular and organismal responses to ionizing radiation. These are (1) ban mutants suffer more IR-induced apoptosis, (2) ban is activated by IR, and (3) ban mutant larvae are more sensitive to killing by IR.
ban mutants suffer more IR-induced apoptosis Larvae homozygous for null alleles of ban show poor growth of imaginal discs and die as pupae (Brennecke et al., 2003; Hipfner et al., 2002) . Imaginal discs from one such mutant, ban Δ1 that results from a deletion of the ban locus, stain strongly with Acridine Orange (Fig. 1) . AO stains apoptotic cells specifically in Drosophila (Abrams et al., 1993) , suggesting that loss of ban leads to spontaneous apoptosis. Homozygotes of strong hypomorphic alleles, ban EP3622 and ban L1170 or hemizygotes of the same over ban Δ1 survive to adulthood (Brennecke et al., 2003; Hipfner et al., 2002) . ban mutants of these allelic combinations show wild type level of apoptosis (Fig. 1A) , allowing us to determine if ban also has a role in apoptosis induced by IR. Exposure to 400 R or 4000 R of X-rays produces an increase in AO stain in discs from wild type larvae (Fig. 1A , and data not shown, quantified in B and C . ban Δ1 homozygotes, show apoptosis in imaginal discs even in the absence of irradiation; discs from these animals flatten readily under a cover slip in these live samples, thus appearing larger than others.
type. We conclude that ban mutants undergo IR-induced apoptosis more readily than wild type. These results suggest that ban is required to limit both spontaneous and IR-induced apoptosis. In subsequent experiments, we focus on the role of ban in IR-induced apoptosis. The increase in AO staining after irradiation is higher for ban
EP3622
homozygotes than for ban EP3622 /ban Δ1 hemizygotes (Fig. 1B) . ban EP3622 homozygotes are also less viable than ban EP3622 /ban Δ1 hemizygotes, with and without irradiation ( Fig. 3 and below) . We do not know why the phenotypes of ban EP3622 homozygotes are more severe than those of ban EP3622 /ban Δ1 hemizygotes. It is possible that the inserted Pelement affects more than one gene, or that the EP-chromosome carries a background mutation, which might have been initially caused by a P-element, but is not associated with this P-element at its present location. Alternatively, the Δ1 deletion may remove a second gene that partially alleviates the ban mutant phenotype.
EGFP bantam sensor shows activation of ban by IR
A transgene reporter consisting of tubulin promoter-driven EGFP with two copies of a perfect ban target sequence in the 3′UTR (called 'bantam sensor') can distinguish as little as 2-fold changes in ban gene dosage (Brennecke et al., 2003) . We find that exposure to X-rays results in a decrease in bantam sensor fluorescence in the imaginal discs and brains of irradiated 3rd instar larvae (Figs. 2A-L, quantified for wing discs in M). A decrease in EGFP signal reflects an increase in the activity of its repressor, ban. Little or no change in EGFP was seen at 5 and 18 h after irradiation. The first time at which a significant decrease in EGFP could be observed was at 24 h after irradiation. The half-life of EGFP is approximately 24 h. Therefore, we infer that the increase in ban activity occurred soon after irradiation to show a visible difference at 24 h after irradiation. The difference in EGFP signal between irradiated and unirradiated larvae was confirmed by Western blotting of the 24 h samples (Fig. 2N ). This time point was analyzed because it is the earliest after irradiation that we see a significant decrease in EGFP signal (Figs. 2 I, J and M). It is unlikely that the difference in EGFP expression is due to a general decrease in macromolecular synthesis after irradiation; we do not see a change in the level of β-tubulin (Fig. 2N ) or EGFP from a control transgene rendered unresponsive to ban (Fig. 6G ).
ban mutants are radiation sensitive
To examine the importance of ban at the organismal level, we assayed for survival of ban mutant larvae after exposure to 0-8000 R Fig. 2 . bantam sensor expression is reduced in irradiated imaginal discs. Wing imaginal discs (A-D and G-J), leg imaginal discs (E and K) and the CNS (brains and Ventral Nerve Cord; F and L) from 3rd instar larvae were imaged for EGFP fluorescence at 5, 18 or 24 h after exposure to 0 or 4000 R of X-rays. Each irradiated tissue was imaged, and the images were processed identically as for unirradiated counterparts to allow direct comparison (e.g. unirradiated wing discs to irradiated wing discs; unirradiated leg discs to irradiated leg discs). '20.1' and '20.X' refer to different insertion lines that carry the tubulin-EGFP sensor (Brennecke et al., 2003) . Note that local enrichment of ban sensor expression, for example at the D/V boundary (Brennecke et al., 2003) , is visible in some discs (arrows in panels D and H) but not others because of the focal plane shown. (M) Mean GFP fluorescence from larval wing imaginal discs 24 h after exposure to 0 R (no IR) or 4000-5000 R of X-rays (IR) were normalized and averaged as explained in Materials and methods. The data are from 15 (no IR) and 15 (IR) discs in 4 different experiments of both 20.X and 20.1 insertion lines. Because of sample thickness, images from more than one focal plane were considered in determination of mean intensity. The decrease in GFP signal in irradiated discs is significant (p = 0.0017). Error bars = 1 SEM. (N) The level of EGFP was analyzed by Western blotting of extracts from CNS and imaginal discs from larvae 24 h after exposure to 0 R (− IR) or 4000 R (+IR) of X-rays. Duplicate samples are blotted for each condition. Extracts from equivalent number of larvae were loaded and β-tubulin serves as a loading control. of X-rays. These doses are typically used in viability studies because many larvae eclose into adults but a significant fraction of adults die soon thereafter (Jaklevic and Su, 2004) . Therefore, we are causing significant damage and yet are allowing a significant fraction of animals to survive. Thus we hope to understand mechanisms that kill larvae as well as those that allow survival. Under these conditions, ban mutants show decreased survival to adulthood after irradiation (Fig.  3 ). This effect is seen for many allelic combinations of ban (Fig. 3A) and also for ban heterozygotes (Figs. 3B-D) . We conclude that ban is required to ensure survival at both the cellular and the organismal levels after exposure to IR.
Collectively, the three lines of evidence described above implicate ban in cellular and organismal responses to IR. More specifically, experiments with ban sensor indicate a change in ban activity shortly after irradiation.
Changes in ban sensor are dependent on p53
To address the link between IR and ban activity, we examined the role of p53, which mediates many IR responses. Under normal growth conditions, there are no obvious deviations from wild type in ban sensor expression in p53 mutants, which are homozygous viable and show little or no defects (Fig. 4A) . Therefore, it is unlikely that p53 has a role in regulation of ban activity normally. p53 mutants also show an increase in ban sensor fluorescence with larval development (Fig. S1 ) indicating that the sensor can respond to changes in ban levels that are known to occur during development (Brennecke et al., 2003) , in the absence of p53.
Following irradiation, we found that ban sensor expression no longer changed in the wing imaginal discs of p53 mutant larvae ( Fig.  4B and quantified in C). The lack of change was confirmed by Western blotting for EGFP (Fig. 4D ). These data suggest that p53 is required for the IR-induced decrease in ban sensor expression, which reflects an increase in ban activity.
Since p53 is a transcriptional activator, we addressed the possibility that p53-dependent activation of ban after irradiation occurs via an increase in ban levels. Northern blots of extracts from larval brains and imaginal discs show a band at the predicted size for mature ban miRNA (~20 nt), which is absent in ban mutants (Fig. 5) . After irradiation, however, there was no detectable change in ban levels in whole larvae (Fig. 5A, quantified in B) . Similar results were obtained using extracts of imaginal discs and brains also at 6-24 h after irradiation, and in both wild type and p53 mutant larvae (Figs. 5B and D, and data not shown). While we cannot rule out that there may be regional changes in ban levels within the tissues, we conclude that bulk ban levels do not change significantly after irradiation despite a change in ban activity.
The data from Northern blots help us rule out an alternate explanation that the difference in ban sensor fluorescence between control and irradiated discs is due to the effect of radiation on development. ban levels decline normally with larval development. Therefore, a radiation-induced developmental arrest could lead to higher ban levels in irradiated animals compared to unirradiated controls, and thus produce a difference in EGFP signals documented in Fig. 2 . Northern blots show, however, that ban level is similar between irradiated and unirradiated animals for up to 24 h. Therefore, development appears to have progressed normally in irradiated and control larvae, at least as far as ban expression is concerned. Northern blots shown have been optimized for comparing irradiated and control samples at each time point, and not for visualizing the developmental decline in ban levels.
Cell death is required for optimal changes in ban sensor after irradiation p53 mutants display reduced and delayed apoptosis compared to wild type after irradiation (Wichmann et al., 2006) . This suggests the possibility that the requirement for p53 in ban activation reflects simply a requirement for p53 in timely and optimal induction of apoptosis. In other words, induction of apoptosis may be required to activate ban; p53 mutants fail to activate ban because they are defective for induction of apoptosis. To ask if apoptosis is required for ban activation, we blocked radiation-induced apoptosis using p35, a viral caspase inhibitor. p35 was expressed in the posterior half of wing imaginal discs using the hh-GAL4 N UAS system so that the anterior half could serve as a control. As expected, exposure to 4000 R of X-rays produced robust apoptosis in anterior half of wing discs but not in the posterior half (Fig. 6D) . We find that ban sensor levels decreased as expected in the control anterior half of each irradiated disc where cell death was robust (Fig. 6C) . A similar decrease was not observed in the posterior half. We conclude that cell death is required for optimal activation of ban after irradiation. We infer from these results that the role of p53 in ban activation could be explained by the role of p53 in proper induction of apoptosis. We cannot, however, rule out other modes of contribution by p53.
hid is an important ban target in IR responses
Previous experiments identified hid as a target of ban, though not under irradiation conditions. Therefore, we examined the possibility that hid is a target of ban after irradiation as well. A transgene reporter that consists of tubulin promoter-driven EGFP coding sequences fused to the hid 3′UTR responds to ban (called 'hid-UTR sensor'); overexpression of ban reduced the EGFP signal and this reduction was less pronounced when the two most conserved ban target sites were deleted (Brennecke et al., 2003) . This is consistent with the known role of miRNAs in regulation of gene expression: binding of miRNAs to the 3′UTR of target mRNAs reduces the stability or the translation efficiency of the latter (Tang, 2005) . We find that EGFP signal from the hid-UTR sensor was lower in imaginal discs from irradiated larvae, compared to unirradiated controls (Figs. 7A and B, quantified as 'hid' in E), although this decrease was smaller than the decrease for ban sensor that contains perfect sequence matches to ban (Fig. 2M) . The decrease in EGFP signal was seen when the hid-UTR sensor contained all 5 putative ban target sequences but not when the two most conserved sites had been deleted (Fig. 7 , compare D to C, quantified as 'hid Δ1,4' in E). Changes in EGFP fluorescence were confirmed by Western blotting. The difference in EGFP from the hid-UTR sensor was visible by 24 h after irradiation with 4000 R (Fig. 7) but not at earlier times (not shown). The half-life of EGFP (~24 h) likely contributes to this delay and suggests that changes in regulation of gene expression via the hid3′UTR occurred soon after irradiation. Moreover, the lack of change in EGFP from the mutant hid-UTR sensor suggests that this regulation is mediated by ban binding sites.
Because EGFP sensors are expressed from the tubulin promoter, it is unlikely that regulation by ban occurs at the level of transcription. We monitored the level of EGFP mRNA in these experiments and found no consistent changes in levels after irradiation for up to 24 h (Fig. S2) . These results are consistent with the idea that regulation by ban via hid 3′UTR occurs post-transcriptionally. However, because we are analyzing total RNA in whole animals in these and previous experiments in Fig. 5 , we cannot rule out tissue specific variations in either the ban miRNA or EGFP mRNA levels.
Reduction of hid gene dosage rescues radiation sensitivity of ban mutants
If repression of Hid by ban is important for survival of irradiated larvae, we expect that reduction of hid by mutation would rescue lethality of irradiated ban mutants. This appears to be the case. ban, hid double heterozygotes survived irradiation better than did ban heterozygotes and this difference was statistically significant at 4000 R for balanced heterozygotes (p = 0.003; Fig. 3C ) and at 8000 R for heterozygotes over the wild type chromosome (p = 0.014; Fig. 3D ). In fact, hid heterozygosity restored the survival of ban hid/TM6 or ban hid/+ heterozygotes to that of TM6 balancer heterozygotes or wild type respectively. H99 deficiency that deletes the hid gene or the hid H109 allele in heterozygous state served as controls.
Discussion
The pro-apoptotic gene hid is haplo-insufficient for IR-induced apoptosis; reduction of hid gene dosage by half reduced IR-induced apoptosis to control levels (Brodsky et al., 2004) . This effect is specific to IR-induced apoptosis because reduction of hid gene dosage by half still allows developmental cell death that is essential for organism survival; flies heterozygous for the chromosomal deficiency H99 that deletes hid, rpr and grim survive to adulthood. Thus mechanisms that change hid levels by as little as 2-fold can potentially affect the life-or-death decisions of a cell with DNA double strand breaks. Our results suggest that ban may provide one such activity. No change in GFP was detected. Duplicate samples were blotted for each condition. Extracts from equivalent number of larvae were loaded and β-tubulin serves as a loading control.
Three lines of data implicate ban in responses to IR: exposure to Xrays results in increased ban activity in larval imaginal discs, ban confers survival to irradiated cells (i.e. helps limit apoptosis) and ban confers survival to irradiated larvae.
Previous work has shown that hid is a downstream target of p53. In Drosophila embryos, IR results in an increase in hid mRNA and this increase is not seen in p53 mutants (Brodsky et al., 2004) . In larvae, IR also results in an increase in hid mRNA and this increase is delayed by 12 h in p53 mutants (Wichmann et al., 2006) . How p53 targets hid is not known and, unlike in the case of rpr, there is no evidence that hid is a direct transcriptional target of p53. We find that although ban activation is dependent on p53, this is likely an indirect effect because ban levels remain unchanged. We also find that apoptosis is required for activation of ban, which can explain the dependence on p53. These results may fit into a model in which exposure to IR results in transcriptional induction of hid, and apoptosis. Apoptosis activates ban by an unknown mechanism. ban represses hid post-transcriptionally and limits apoptosis, allowing for survival of cells and of organisms. The balance between ban and hid appears to contribute to the life-death decision; reducing ban gene dosage by half results in increased killing by IR, but the increase in larval lethality can be rescued by a concurrent reduction in hid gene dosage by half. In our radiation experiments, we induce death in individual cells scattered throughout the imaginal disc, but see changes in ban sensor throughout the disc. By blocking apoptosis with p35, we found that apoptosis is required for activation of ban after irradiation. These observations are consistent with the idea that apoptotic cells activate ban, presumably in the neighbors. There is precedent for such an idea; dying cells in larval imaginal discs have been shown to signal their neighbors to enter S phase (Ryoo et al., 2004) or to proliferate (Wells et al., 2006) . If non-cell autonomous induction is activating ban in our experiments, it apparently does not operate across the compartment boundary because dead cells in the anterior compartment could not activate ban in the posterior compartment (Fig. 6) . . ban miRNA levels do not change after irradiation. Total RNA extracted from whole wild type (A) or homozygous p53 mutant (B) larvae was Northern blotted for mature ban. ban signal was detected in extracts from ban Δ1 heterozygotes (Δ1/+) but not homozygotes (Δ1), indicating the specificity of the probe. Where indicated, larvae had been exposed to 0 (−) or 4000 R (+) of X-rays and allowed to rest for indicated times before RNA extraction. 5S RNA serves as a loading control. (C and D) Quantification of Northern blots in panels A and B respectively shows no significant change in ban miRNA levels after irradiation. For each time point, the signals were normalized to that of no IR controls. Error bars = SEM. The data are from 3-6 independent samples per time point per condition. . The IR-induced decrease in ban sensor expression was seen in the anterior compartment (a) but not in the posterior compartment (p). Similar differences in the sensor expression from (a) and (p) compartments were observed in 13 of 13 discs in 2 different experiments. Note that EGFP and AO images show slight differences in morphology and orientation. This is because the discs were first imaged for EGFP, recovered from microscope slides, stained with AO, and remounted on slides before being imaged for AO.
After finding that apoptosis was necessary to activate ban, we made attempts to determine if apoptosis is sufficient to activate ban. We induced apoptosis in a subset of imaginal disc cells by ectopic expression of hid, rpr or Diphtheria Toxin using several different GAL4-UAS systems. We saw no change in ban sensor levels in these experiments (not shown), but cell death induced by these protocols was less robust than cell death induced by our radiation protocols, making the results inconclusive. We were able to induce robust cell death by heat-shock induction of Hid, but this treatment resulted in larval death within 10 h, precluding analysis of ban sensor 24 h after induction of cell death.
The finding that ban activity increased after irradiation while ban levels remained unchanged was a surprise. The current view is that changes in miRNA activity results directly from changes in miRNA levels. Our observations provide the first indication that regulation of miRNA activity may be more complex and can occur without a change in miRNA levels. Further work is required to determine if such regulation occurs for other miRNAs and in other systems and what molecular mechanisms are responsible. We are currently performing a genetic screen for modifiers of IR sensitivity in ban mutants. Such a screen may yield upstream regulators that activate ban after irradiation.
Published data link p53 to ban through the Hippo tumor suppressor pathway. First, under normal (non-irradiation) conditions, ban transcription is activated by Yorkie, a transcriptional co-activator that is negatively regulated by Hpo (Nolo et al., 2006; Thompson and Cohen, 2006) . After irradiation, Hpo is activated by p53 (Colombani et al., 2006) . If these regulatory relationships were conserved regardless of conditions (irradiated versus normal), a combination of results from these studies would lead one to expect p53 to repress ban expression, both during normal growth and following irradiation. Instead, we find Fig. 7 . hid-3′UTR sensor expression is reduced in irradiated imaginal discs. Wing imaginal discs from control (A, C) and irradiated larvae (B, D) are imaged for EGFP fluorescence 24 h after irradiation with 4000 R of X-rays. Larvae carry the hid-3′UTR sensor (A, B; 'hid') or the hid-3′UTR sensor lacking the two best matching ban target sites (C, D; 'hid Δ1,4') in homozygous state. (E) Mean GFP fluorescence intensity for wing imaginal discs analyzed as described in Fig. 2M , at 24 h after irradiation with doses shown. The decrease in GFP signal in irradiated discs is significant for the hid-3′UTR sensor (hid) (p = 0.0017) but not for the hid-3′UTR sensor lacking two best matching ban target sites (hid Δ1,4) (p = 0.82). The data are from 7 (hid, no IR) and 10 (hid, IR), 9 (hid Δ1,4, no IR) and 7 (hid Δ1,4, IR) discs in 3 different experiments. Error bars = 1 SEM. (F and G) The level of EGFP in the above experiment was analyzed by Western blotting of extracts from larval CNS and imaginal discs. A decrease in GFP was detected for the hid-3′UTR sensor (hid, F) but not for the hid-3′UTR sensor lacking two best matching ban target sites (hid Δ1,4 in panel G). Duplicate samples were blotted for each condition. The expression of GFP from 'hid Δ1,4' is low; the short exposure of the gel is shown for comparisons of the β-tubulin signal and the long exposure is shown for comparison of the GFP signal. Extracts from equivalent number of larvae were loaded and β-tubulin serves as a loading control.ban EP3622 /ban 1170 (H and I) The level of EGFP mRNA in these experiments was monitored by Northern blotting of total RNA from whole larvae. 5S ribosomal RNA served as loading control.
little change in ban levels after irradiation. In other words, p53-dependent activation of Hippo after irradiation appears to have little effect on ban levels. These considerations lead us to conclude that regulatory circuits operate differently between normal growth conditions and following irradiation.
Of all the possible cellular responses to DNA DSBs, how one response is chosen over another, cell cycle arrest and DNA repair vs. apoptosis, for example, remains unclear. Mammalian p53 is activated by IR and induces gene products needed for DNA repair, cell cycle arrest and apoptosis. Activation of p53 alone, therefore, cannot account for the choice of cellular responses. Rather, it is the additional layer of regulation provided by regulators that differentially modulate various p53 targets that directs an irradiated cell into living or dying. Drosophila p53 contributes to apoptosis and to DNA repair (Brodsky et al., 2004) . Therefore, as in the case of mammalian p53, additional inputs may be important in channeling an irradiated cell into one fate but not the other. Molecules such as ban can impose an additional level of regulation beyond by antagonizing a target of p53, Hid, thereby profoundly influencing whether a cell or an organism lives or die.
Finally, we note that ban is also required to prevent spontaneous apoptosis in the absence of irradiation (Fig. 1) . It remains to be determined if hid or another pro-apoptotic gene is an important target for ban in this process, but it is possible that excess cell death, in addition to reduced proliferation as previously reported, contribute to the previously reported pupal lethality of ban null mutants (Brennecke et al., 2003) .
Materials and methods

Fly stocks
All fly stocks used here have been described: p53 5A-1-4 allele is a null generated by site directed partial deletion of the gene (Rong et al., 2002) ; ban L1170 and ban EP3622 were caused by P-element insertion and ban Δ1 allele was caused by an imprecise excision of the P-element (Brennecke et al., 2003; Hipfner et al., 2002) . Fly stocks with EGFP ban sensors have been described (Brennecke et al., 2003) . 20.1 is an insertion on III and 20.X is an insertion on II; both are homozygous viable. hid l(3)05014 contains a P-element insertion between amino acids 105 and 106 (Grether et al., 1995) . hid H109 is a loss-offunction allele induced by γ-rays (Abbott and Lengyel, 1991) . Hedgehog (hh)-GAL4 N UAS-p35 expression system has been described before (Wells et al., 2006) .
Irradiation and Acridine Orange staining
Larvae were irradiated 96 ± 4 h after egg deposition (except for Fig. 4C where larvae were 94-110 h old) in a TORREX X-ray generator set at 5 mA and 115 kV and dissected in PBS. The discs were stained in 100 μM AO in PBS for 5 min, washed twice in PBS, mounted in PBS and imaged using a Leica DMR microscope and Slidebook software (Intelligent Imaging). Exposure time and all subsequent treatments of images are identical between control and experimental samples.
GFP imaging
The discs and CNS were mounted in PBS and imaged using a Leica DMR microscope and Slidebook software (Intelligent Imaging). Exposure time and all subsequent treatments of images are identical between control and experimental samples. For fluorescence quantification, mean fluorescence intensity (total pixel volume above background/total disc area) was read for each wing disc using Slidebook. This value for each disc was normalized by dividing by the maximal intensity value from among unirradiated discs for a particular experiment. After normalization, average and standard error of mean (SEM) were calculated for the entire irradiated or unirradiated population.
Western blots
CNS, imaginal discs and salivary glands were dissected and homogenized in PBS and boiled in SDS sample buffer. The samples were separated on 10% SDS PAGE and blotted on PVDF membranes. The membranes were probed with 1:1000-2000 rabbit anti-EGFP antibody (Molecular Probes) and 1:300-1000 anti-β-tubulin antibody (E7; Developmental Hybridoma Bank), followed by HRP-conjugated secondary antibodies and ECL detection.
Northern blots
Larvae were irradiated as described above at 96 ± 4 h egg deposition. At 1.5 3, 6, 12, 18 or 24 h after irradiation, whole larvae or imaginal discs and CNS were dissected in PBS and homogenized in cold (4°C) PBS. Total RNA was isolated using an Invitrogen TRIzol kit and separated on TBE-Urea gels (for ban) or 1.2% agarose/3% formaldehyde/ MOPS gels (for EGFP) according to the manufacturer's instructions (Ambion). The samples were blotted onto Hybond N (Amersham) via capillary transfer and crosslinked in a Stratalinker (Stratagene). The blots were probed with a 32 P end-labeled anti-ban oligonucleotides (ACAAAATCAGCTTTCAAAATGATCTCACTTGT) or anti-EGFP probes generated either by using α-32 P-CTP and Roche Random Primed DNA labeling kit or by in vitro transcription from a linear template using SP6 polymerase (Invitrogen) and α-32 P-UTP. Unlabeled ban DNA oligonucleotide was also loaded as a positive control (not shown). The blots were re-probed with a 32 P end-labeled anti-5S ribosomal RNA oligonucleotide (GCGGTCCCCCATCTAAGTACTAACC) to control for equal loading. 32 P signals were quantified using a phosphoimager (Molecular Dynamics).
